19 DNA binding with one finger (Dof) transcription factor genes were identified from genome and transcriptome data of ramie (Boehmeria nivea L. Gaud). Chemical character, subnuclear localization, motif analysis, phylogenetic analysis, and tissue-specific analysis were performed. To select BnDof genes participating in nitrogen metabolism, we analyzed the expression patterns of BnDof genes in different nitrogen conditions (N0, N4, N8, and N12) in different tissues. As a result, eight BnDof genes were identified. BnDof07 (stem) and BnDof14 (root) had higher expression levels in N0 and N4, and BnDof15 (stem and leaves) and BnDof18 (stem) both exhibited the highest expression level in N0, suggesting that these four genes may take part in nitrogen stress. In the leaves, BnDof01, BnDof06, BnDof09, and BnDof19 expression levels were higher in N8 and N12 but lower in N0 and N4. The present findings provide insights into nitrogen metabolism in ramie highlighting the need to investigate this aspect in further detail in future studies.
Introduction
DNA binding with one finger (Dof) proteins are plantspecific transcription factors (TFs). At the N-terminal, Dof proteins contain a conservative Dof DNA-binding domain, which has a Cys2/Cys2 Zn 2+ finger structure that identifies and binds to the cis-element with the sequence 5′-AAAG-3′ in the promoter region of the target genes (Plesch et al. 2001; Yanagisawa 2002 Yanagisawa , 2004 . At the C-terminal, Dof proteins contain a transcriptional regulation domain, which regulates gene expression (Yanagisawa 2002; Yang and Tuskan 2006) . Dof proteins participate in various biological processes such as plant flowering (Wu et al. 2017a) , plant growth (Yanagisawa et al. 2004), C and N metabolism (Rueda-López et al. 2017) , and abiotic stress tolerance (Corrales et al. 2017) . For example, OsDof4 leads to earlier flowering under natural long-day field conditions, with the reverse effect under natural short-day field conditions (Wu et al. 2017a) . ZmDof3 controls starch accumulation and aleurone development in maize endosperm (Qi et al. 2016) . AtDof5.4 negatively regulates cell cycle progression and cell expansion (Xu et al. 2016) .
Nitrogen metabolism is crucial for plants and is regulated by multiple genes, including Dof genes Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1320 5-018-1512-8) contains supplementary material, which is available to authorized users. (Tsujimoto-Inui et al. 2009 ), which are involved in nitrogen metabolism. The overexpression of PpDof5 in Arabidopsis leads to increased lignin content and affects carbon and nitrogen metabolism (Rueda-López et al. 2015) . In rice, ZmDof1 enhances carbon and nitrogen assimilation under low-nitrogen conditions (Kurai et al. 2011) . Similarly, AtDof1 also enhances nitrogen assimilation under low-nitrogen condition (Wang et al. 2009 ). Dof genes affect the absorption capability of nitrogen. The overexpression of OsDof25 not only affects organic acid metabolism but also affects NH 4 + uptake in plants (Santos et al. 2012) . OsDOF18 increases ammonium uptake in rice (Wu et al. 2017b) . Dof genes improve the protein content of crops. OsDOF18 improves nitrogen content in rice (Wu et al. 2017b) , and EcDof1 controls grain protein content (Gupta et al. 2012) ; its expression overlaps the expression of glutamine synthase (GS) and glutamate synthase (GOGAT ) (Gupta et al. 2013) . In wheat, the gene expression profile of TaDof 1 also coincides with the enzyme activities of GS and GOGAT (Kumar et al. 2009 ).
Many Dof genes have been identified in agricultural crops such as barley (Rouhian et al. 2017) , maize (Chen and Cao 2015) , potato (Venkatesh and Park 2015) , soybean (Guo and Qiu 2013) , and Medicago truncatula (Shu et al. 2015) . However, not much is known about Dof genes in ramie.
Ramie (Boehmeria nivea) is a traditional fiber crop that is cultivated mainly China. Over the past few years, ramie has also been used as animal feed because of its high protein and amino acid content and rapid growth rate (Zhu Taotao et al. 2016) . The biological yield of ramie is high, and its nitrogen demand is large. However, the nitrogenous fertilizer absorbed by ramie is only a small part of the amount applied, leading to fertilizer wastage and environmental contamination (Robertson and Vitousek 2009) . Therefore, improving the nitrogen use efficiency of ramie is one of the breeding goals for this crop. A high protein content is an essential characteristic for forage crops. A previous study showed ramie's protein content to be related to nitrogen metabolism. Zheng et al. (2015) founded tobacco protein content to be higher when BnGS1-2 was overexpressed in tobacco. The protein content varies in ramie grown under different nitrogen treatments (Diluo 2012; Chen et al. 2017) . However, little is known about the function of BnDof genes in nitrogen metabolism. Using genomics and transcriptomics approaches, we attempted to identify the BnDof genes regulating nitrogen metabolism in ramie with the aim of improving nitrogen use efficiency and protein content. Chemical characterization, protein location, motifs, and tissue-specific expression were investigated. We also analyzed the expression patterns of BnDof genes under different nitrogen treatments. In a word, this study provided evidences for further study the candidate genes which control nitrogen use efficiency and protein content in ramie.
Materials and methods

Identification and characterization of Dof TFs
Putative BnDof genes were identified from ramie the genome and transcriptome of ramie (variety, Zhongzhu 1). We performed sequences alignment in SwissProt, KEGG, GO, and (Gasteiger et al. 2005) . Using PredictProtein (https ://www.predi ctpro tein.org) predicted protein location (Rost et al. 2004 ).
Phylogenetic analysis and motif analysis of BnDof genes
Dof protein sequences were used for phylogenetic analysis. Protein sequences of Dof family from Arabidopsis, maize, rice, and M. truncatula were retrieved from NCBI (https ://www.ncbi.nlm.nih.gov/); the sequences are shown in Supplementary file 1. Multiple sequence alignments were performed using ClustalW and phylogenetic trees were constructed by MEGA 6.0 using the neighbor-joining method and p-distance model; partial gap deletion was selected and the bootstrap value was 1000. Using MEME (http://meme-suite .org), we identified the conserved motifs of BnDof proteins. The motif discovery mode was "Classic mode." The site distribution selected "Any number of repetitions," and the maximum number of motifs was set to 15.
Plant treatments
Ramie plants (Zhongzhu 1) were grown on normal nutrient solution, after which uniformly growing plants were transferred to different nutrient solutions with varying nitrogen contents till the reproductive stage. The nitrogen contents were as follows: N0 (0 mM N), N4 (4 mM N), N8 (8 mM N), and N12 (12 mM N) (Diluo 2012) , and the nitrogen form was nitrate. The experimental group contained six plants, and the nutrient solution was replaced every 4 days. We sampled root, stem, and leaves on the 18th day.
Quantitative real-time PCR (qRT-PCR) assays
Tissue-specific analysis was carried on out the root, stem, leaves, male flowers and female flowers, which were sampled from field. The expression patterns of BnDof genes in response to different nitrogen treatments were studied in root, stem, and leaves. Total RNA was extracted from samples using the EASYspin Plus Plant RNA Rapid Extraction Kit (Aidlab, China), and used to synthesize first-strand cDNA by the ReveatAid First-Strand cDNA Synthesis Kit (Thermo, America). The primers were designed by Primer 6; all the primer sequences are shown in the Table 1. qRT-PCR 
Results
Identification of BnDof genes in ramie
In all, 19 BnDof genes were identified on the basis of ramie genomics and transcriptomics; 13 BnDof genes (BnDof01-BnDof13) by genomics analysis, 6 (BnDof14-BnDof19) by transcriptomics analysis. Information about BnDof genes, such as gene ID, length of coding Table 2 . The length of coding sequences ranged from 183 to 506 aa; pI value, from 5.22 to 10.09; MW, from 20.25 to 54.59 kDa. Prediction of protein location showed them all to be localized in the nucleus.
Phylogenetic analysis and conserved motif analysis
To understand the phylogenetic relationships among Arabidopsis, maize, rice, M. truncatula, and ramie Dof genes, we performed multiple sequence alignment using protein sequences with 31, 30, 18, 42, and 19 sequences of the respective species. An unrooted phylogenetic tree was constructed ( Fig. 1) . Dof proteins were divided into six groups, A, B, C, D, E, and F. All groups contained AtDof, OsDof, ZmDof, MtDof, and BnDof protein. Relative to the Dof genes of Arabidopsis, rice, and maize, BnDof genes were more closely related to the Dof genes of M. truncatula, which suggested that BnDof might share similar evolutionary patterns with MtDof genes. The other phylogenetic tree was constructed with BnDof protein sequences (Fig. 2) , and four groups were obtained.
We analyzed the conserved motifs of the 19 BnDof proteins using the MEME program (Fig. 2) . Sequences of the motifs are shown in Fig. 3 . Ten motifs were founded, and the E value of each motif was lower than 0.05. Every protein had motif1 with Zn finger. Motif2 and motif4 were only in group C, and motif7 was only in group B1.
Tissue-specific expression of BnDof genes
To investigate the expression patterns of BnDof genes in root, steam, leaves, and flowers, we generated a heatmap based on qRT-PCR data (Fig. 4) . Most BnDof genes had low expression in female flowers, except for BnDofo8 and BnDof12; furthermore, BnDof12 had low expression in other tissues. BnDof03, BnDof08, and BnDof16 were highly expressed both in the root and male flowers. Three genes (BnDof02, BnDof17, and BnDof18) were highly expressed in the leaves, and BnDof07, BnDof10, and BnDof19 were highly expressed in the stem. BnDof01, BnDof13, and BnDof15 were expressed at high level in the roots, stems, and leaves.
Expression patterns of BnDof genes in response to different nitrogen treatments
We analyzed the expression patterns of BnDof genes in the root, stem, and leaves under different nitrogen treatments, and a heatmap was constructed (Fig. 5) .
In the roots (Fig. 5a ), BnDof01 expression increased from N0 to N4, to N8; however, it reduced in N12. BnDof14 expression was higher in low-nitrogen conditions (N0 and N4), but was low in high-nitrogen conditions (N8 and N12). BnDof19 expression was higher in high-nitrogen conditions, low in low-nitrogen conditions. The expression was the highest in N8.
In the stems (Fig. 5b) , BnDof07 expression was higher in low-nitrogen conditions. BnDof15 and BnDof18 both had the highest expression in N0. In the leaves (Fig. 5c) , BnDof01, BnDof06, BnDof09, and BnDof19 were all highly expression in N8 and N12 but had lower expression in N0 and N4. These four genes, as well as, BnDof14, showed the highest expression in N8. BnDof15 had the highest expression in N0.
Discussion
Evolutionary relationships among BnDof genes
To clarify the phylogenetic relationships among BnDof genes and ascertain the evolutionary history of the Dof gene family in ramie, two phylogenetic trees were constructed; Fig. 3 Sequences of conserved motifs which are shown in Fig. 2 one based on Dof protein sequences in ramie, rice, maize, Arabidopsis, and M. truncatula (Fig. 1) , and the other based on the alignment of BnDof protein sequences (Fig. 2) . In Fig. 2 , six pairs of paralogous BnDof proteins were identified, such as BnDof06/BnDof12 and BnDof02/BnDof13, which are crucial to demonstrate the evolutionary mechanisms for more recent duplications. However, the duplications of those genes warrant further study, because the chromosomal distribution of BnDof genes is not known. In Fig. 1 , BnDof genes were closest to MtDof genes, followed by Arabidopsis. The potential reasons are that ramie, M. truncatula, and Arabidopsis are all dicotyledons, and ramie and M. truncatula are both perennial plants.
Conserved motifs of BnDof proteins
We identified 10 motifs of BnDof proteins, which showed that BnDof genes participate in multifarious biological processes. BnDof proteins had similar motifs in the same group, which suggested that the proteins had similar functions in the same group. Nevertheless, high divergence was found in different groups. For instance, motif2 and motif7 were only present in group C. This finding demonstrated that different BnDof genes performed different functions. All sequences contained only one Zn finger, which is a DNA-binding domain. Chrysanthemum and Arabidopsis (Song et al. 2016) , chickpea (Nasim et al. 2016) , maize (Chen and Cao 2015) , poplar (Wang et al. 2016) , potato (Venkatesh and Park 2015) , and Dof proteins have been found to contain one DNA-binding domain, as well, which suggests that motif1 is a conserved motif of Dof genes. 
Different tissue-specific expression levels of BnDof genes
Because gene expression patterns can provide clues to study gene functions, we analyzed BnDof expression patterns in the root, stem, leaves, male flowers, and female flowers at the reproductive stage. The results exhibited spatial variations of BnDof genes. There were 4 pairs of paralogous BnDof genes, and 3 pairs (excluding BnDof03 and BnDof16) showed different expression patterns, suggesting functional divergence after duplication events. BnDof08 and BnDof12 were highly expressed high in flowers. In rice, OsDof4 regulates flowering time and was expressed widely in young panicles (Wu et al. 2017a ). Furthermore, BnDof08, BnDof12, and OsDof4 were in the same group. As a result, we could predict that BnDof08 and BnDof12 regulate flowering in ramie. For the differential expression of BnDof genes in organs, we could predict that they play role in controlling ramie plant development. However, further research is required for confirming this.
BnDof genes involved in the nitrogen metabolism of ramie
To identify putative BnDof genes, controlling nitrogen metabolism, we analyzed the expression patterns of BnDof genes under different nitrogen levels in ramie root, stem, and leaves (Fig. 5) . We identified that BnDof01, 14, and 19 in the roots; BnDof07, 15, and 18 in the stems; BnDof01, 06, 09, 14, 15, and 19 in the leaves might be participating in ramie nitrogen metabolism. We also analyzed the evolutionary relationship among these eight putative BnDof genes and other Dof genes involved in nitrogen metabolism based on protein sequences (Kumar et al. 2009; Kurai et al. 2011; Santos et al. 2012; Wang et al. 2009; Gupta et al. 2014; Rueda-López et al. 2015) (Fig. 6) . BnDof01, BnDof07, and AtDof1.7, BnDof14, BnDof18, PpDof5 , and EcDof1 were in the same branch. Therefore, BnDof01, and BnDof07, and BnDof14 and BnDof18 are worth more investigation. Of these four genes, BnDof07 and BnDof14 (in the roots) were highly expressed in N0 and N4, and BnDof01 was highly expressed in N8 and N12 conditions; BnDof18 had the highest expression in N0. Thus, BnDof07, BnDof14, and BnDof18 may regulate nitrogen metabolism under lownitrogen conditions and might, therefore, be taking part in nitrogen stress. BnDof01 may regulate nitrogen metabolism under high-nitrogen conditions, which may improve the ability to absorb nitrogen. For the other four genes, we are not sure that they could not regulate nitrogen metabolism due to species specificity. We could find many BnDof genes expressed at the highest level in N8 (Fig. 5) . Diluo (2012) found that ramie grew better in the N8 condition compared to the other conditions (N0, N4, and N12). Therefore, in this study, although certain BnDof genes showed the highest expression levels in this condition, they may not be involved in nitrogen metabolism.
Conclusions
In this study on ramie, 19 BnDof genes were identified. Conserved motif analysis, phylogenetic analysis, and tissue-specific expression of BnDof genes in different tissues were performed. All BnDof proteins contained motif1, which harbored the Dof domain. Different BnDof genes showed diverse expression patterns in different tissues. We also analyzed the expression patterns of BnDof genes under different nitrogen treatments and identified eight BnDof genes that might control nitrogen metabolism in ramie. Our study provided clues for us to select BnDof genes involved in nitrogen metabolism and controlling nitrogen use efficiency and protein content in ramie. 
